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Abstract
This study investigated a theoretically challenging dissociation between good production and poor perception of tones
among neurologically unimpaired native speakers of Cantonese. The dissociation is referred to as the near-merger
phenomenon in sociolinguistic studies of sound change. In a passive oddball paradigm, lexical and nonlexical syllables of
the T1/T6 and T4/T6 contrasts were presented to elicit the mismatch negativity (MMN) and P3a from two groups of
participants, those who could produce and distinguish all tones in the language (Control) and those who could produce all
tones but specifically failed to distinguish between T4 and T6 in perception (Dissociation). The presence of MMN to T1/T6
and null response to T4/T6 of lexical syllables in the dissociation group confirmed the near-merger phenomenon. The
observation that the control participants exhibited a statistically reliable MMN to lexical syllables of T1/T6, weaker responses
to nonlexical syllables of T1/T6 and lexical syllables of T4/T6, and finally null response to nonlexical syllables of T4/T6,
suggests the involvement of top-down processing in speech perception. Furthermore, the stronger P3a response of the
control group, compared with the dissociation group in the same experimental conditions, may be taken to indicate higher
cognitive capability in attention switching, auditory attention or memory in the control participants. This cognitive
difference, together with our speculation that constant top-down predictions without complete bottom-up analysis of
acoustic signals in speech recognition may reduce one’s sensitivity to small acoustic contrasts, account for the occurrence of
dissociation in some individuals but not others.
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Introduction
The view that speech perception and production are closely
connected is rather uncontroversial. In most models of spoken
word production of a generic two-stage framework (see [1,2] for
review), the phonological representations are assumed to develop
through prior exposure to spoken word forms in one’s language
input, and to produce a target word, it is supposed that the
phonemes activated by a selected lexical node are translated into
some articulatory codes for subsequent motor programming and
execution. For speech perception, the classic motor theory of
speech perception maintains that speech perception and produc-
tion are biologically linked and that speech perception must
involve access to the motor system [3,4,5], although a strong
version of the theory has recently been argued to be untenable [6].
Regardless, the strongest argument for the integration between
speech perception and production comes from speech/language
development, since ‘‘learning to speak is essentially a motor
learning task’’ (p. 399, [7]).
Drawing on evidence from lesion studies including reported
cases of acquired auditory comprehension deficits, word deafness
and split brain patients, and studies employing various neuroim-
aging techniques and direct cortical stimulation, Hickok and
colleagues [7,8,9,10] put forth a dual-stream model of cortical
networks underlying auditory-motor speech interface (see also
[11,12] for other hierarchical models of speech perception). The
two streams, a dorsal and a ventral one, overlap in the left
posterior superior temporal sulcus, which has been shown to
activate for processes of speech perception and production [13].
The dorsal stream involves mapping sensory/phonological repre-
sentations from the temporal-parietal-occipital junction onto
articulatory-motor codes in the left frontal cortex, whereas the
ventral stream maps sensory/phonological onto semantic repre-
sentations along the left (or bilateral) middle temporal gyrus and
inferior temporal sulcus. A related model taking an analysis-by-
synthesis approach to speech processing more explicitly assumes
that sensory representations underlying perception and articula-
tory motor representations supporting production are linked by
distinctive phonetic features [14,15]. The architecture of the dual
stream model can account for double dissociation between speech
perception and auditory comprehension among brain-damaged
individuals (e.g. [16]), as well as between spoken language
comprehension and production, such as those who cannot
comprehend language (i.e. word deafness) but can express his/
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her ideas in spoken form [17,18,19,20], and those with the
opposite pattern (e.g. [21,22,23]).
More specific to speech perception and production of neuro-
logically unimpaired individuals, the models we have discussed
thus far predict that mismatch between production and perception
may occur, but only the pattern of poor production and good
perception is possible, as production involves motor programming
of articulatory representations subsequent to access to sensory/
phonological representations. This also means that good produc-
tion must presume the existence of relevant sensory/phonological
representations associated with good speech perception. Hence,
good production vis-a`-vis poor perception involving the same
sensory/phonological form is apparently problematic to these
models. One possible account for this dissociation can be found
[7]. It is proposed that the property of auditory-motor interaction
changes over the course of acquiring a new segment or sound
sequence (e.g. word). The sensory representation of the new form
plays an important role of guiding articulatory motor gesture
initially. As the segment or segmental sequence becomes familiar,
it will be less dependent on the sensory representation for
guidance. Such a proposal would allow for dissociation between
perception and production for familiar or frequently occurring
items, if it is further supposed that the stability of the sensory
representation may also change with increased independence
between sensory and motor representations. For unfamiliar or low
frequency lexical items (or pseudo words obeying the phonotactic
constraints of the language), perception and production of these
items are not expected to dissociate. Therefore, to better
understand the nature of dissociation between good production
and poor perception, one possible way is to realize the contrast of
interest in a new or unfamiliar context, such as a low frequency
unfamiliar word or a pseudo word.
In this study, we examined a dissociative pattern of good
production but poor perception of speech that had been
documented in sociolinguistic studies of sound change
[24,25,26]. Labov and colleagues named this phenomenon
‘‘near-merger’’. It has baffled linguists since its first description
because it challenges the dominant models of phonological
processing. While the early reports of near-merger are concerned
with segmentals [24,25,26,27], the phenomenon may also involve
suprasegmentals, such as tone [28,29]. Note that the term near-
merger has also been used to describe a different phenomenon, a
morphological process in which a syllable with non-high tone
changes to high rising tone after fusing with a high tone diminutive
morpheme [30]. The resultant form is called ‘changed tone’.
Cantonese speakers have been found to have different phonetic
realizations of the lexical high rising tone and the changed tone,
but fail to perceive their difference [30]. Recently, an investigation
of whether tone-merger exists in Cantonese, and if so how
extensive it is, has been carried out in Hong Kong [31,32].
Cantonese is a tonal language of the Chinese language family. It
stands out from other tone languages in the world by having a rich
system of tonal contrasts. There are six contrastive tones for non-
checked syllables in standard Hong Kong Cantonese, namely T1
(high level tone), T2 (high rising tone), T3 (mid level tone), T4 (low
falling/extra low level tone), T5 (low rising tone), and T6 (low level
tone). Their pitch contours are shown in Figure 1. In that study, a
discrimination task and a production task were administered to
120 native Cantonese speakers in Hong Kong. The results
confirmed the suspected merger of T2 and T5 since a significant
number of subjects were noted to fail to contrast the two tones in
both perception and production. The dissociation between
perception and production of tonal contrasts was also observed.
The more interesting finding was the identification of groups of
speakers whose tone production distinguished all tone categories in
the language, but who failed to distinguish just one particular tonal
contrast in perception. Among all the tonal contrasts, the T4/T6
contrast exhibited the strongest dissociation effect.
One may argue that in studies employing behavioral tasks such
as auditory discrimination or identification, the participants’
perception involves not only processing of auditory information,
but also their judgments and decisions. Judgments, however, may
not necessarily reflect our ability to distinguish two auditory
stimuli. For instance, a discrepancy has been reported between
poor performance in a behavioral task of musical pitch discrim-
ination and subcortical neurophysiological response at magnitudes
indicative of pitch distinction in a group of native speakers of
Mandarin Chinese [33]. Referring to the near-merger phenom-
enon, it is possible that the listener’s failure to distinguish two tones
as indicated by a decision may be accompanied by distinctive
responses to the same stimuli at the brain level. Hence, a far more
accurate assessment of an individual’s ability to perceive sensory
differences is to observe his or her neural responses.
Among currently available neuroimaging methods, the event-
related potential paradigm (ERP) is uniquely suitable for
investigating the issue in hand. Of the various ERP components
associated with different stages of auditory/phonological process-
ing, the mismatch negativity (MMN), which reflects a pre-attentive
comparison process in passive oddball paradigms and can be
elicited independently of bias of any experimental task or
participant’s strategy ([34,35], see also [36] for a revised view of
MMN in relation to the role of attention in its generation), has
been used extensively to examine the sensitivity of individuals to
speech sound contrasts, including place of articulation, voicing,
and vowel, as well as changes in pure tones, complex tones and
repetitive tone patterns (see [37] for review). Studies successfully
elicited MMN to tonal contrasts among native speakers of
Mandarin [38] and Cantonese [39] have been reported. Both
studies found greater MMN amplitude and shorter MMN peak
latency in response to tonal contrasts that are larger in height and
contour. Furthermore, a shorter peak latency of P3a, a positive-
going ERP component following MMN reflecting automatic
attention switching, was observed to result from greater height
differences [39].
In the present investigation, participants who could discriminate
all contrastive tones in Cantonese in production and perception as
well as those who could produce all tones distinctively but
Figure 1. Pitch contours of time-normalized syllable fu in
Cantonese.
doi:10.1371/journal.pone.0054396.g001
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specifically failed to discriminate T4 and T6 in perception were
invited to take part in an ERP study with a passive oddball
paradigm. The two groups of participants were presented with
lexical (i.e. meaningful) and nonlexical (i.e. meaningless) syllables
with T1/T6 and T4/T6 contrasts. The T4/T6 contrast behav-
iorally distinguished the two participant groups, while the T1/T6
contrast could be discriminated by both. Additionally, the T1/T6
contrast was chosen as the same condition was examined
previously [39]; this would allow direct comparison between this
study and previous results. Nonlexical syllables were employed
although we could not properly evaluate the proposal regarding
the dynamic interaction between speech perception and produc-
tion as a function of familiarity [7] in the case of Chinese. The
reason is that it is not possible to elicit production of nonlexical
syllables without involving perception of the same items, for
instance in a repetition task, and reading aloud nonlexical
characters would always result in production of existing syllables
[40]. Nevertheless, assessing perception of nonlexical syllables
using a passive oddball paradigm was still highly informative, as it
would reveal whether those participants with good perception of
all tonal contrasts of lexical syllables could indeed discriminate the
same contrasts in unfamiliar contexts devoid of meaning.
If dissociation between good production and poor perception
among normal speakers is a genuine phenomenon, then ERP
results associated with lexical syllables would align with behavioral
observations, that is, presence of MMN in the T1/T6 contrast
exhibited by both participant groups, and divergent findings in
terms of absence of MMN in the T4/T6 contrast for the group
with tone perception and production dissociation but presence of
MMN for participants without dissociation. Moreover, the T1/T6
contrast would elicit higher MMN amplitude, shorter MMN and
P3a peak latencies than T4/T6, based on previous findings
[38,39]. For perception of nonlexical syllables, reduced MMN
amplitudes and longer latencies are expected compared with
lexical syllables, in light of previous findings of lower MMN
amplitudes and later peak latencies induced by pseudo words or
low frequency words than real or higher frequency lexical items
[41,42,43,44]. The most interesting observation would be to see if
brain responses to the T4/T6 contrast of nonlexical syllables in
individuals without dissociation would be similar to those of lexical
syllables. In other words, the aims of this study were to confirm the
near-merger phenomenon using neurophysiological measures,
which are arguably more sensitive than behavioral measures,
and to understand the theoretically intriguing and challenging
dissociation pattern between good speech production and poor
perception through contrasting perception of lexical and nonlex-
ical syllables. In addition, since participants of both study groups
are normal speakers, individual differences were also explored to
account for the differential perceptual sensitivity to particular tonal
contrasts.
Methods
Ethics Statement
Informed written consent was obtained from all participants
before the study began. The experiment was performed in
accordance with the Declaration of Helsinki with approval of
the University of Hong Kong Human Research Ethics Committee
for Non-Clinical Faculties.
Participants
Forty native speakers of Cantonese with no history of
neurological disorder or known hearing deficits were recruited
using the screening procedures in [31,32]. According to the
Edinburgh Handedness Inventory [45], there were two left-
handers and two ambidextrous participants in the control group,
one with left bias and one with right bias. In the dissociation
group, there were one left-hander and three ambidextrous
participants, two with right bias and one with left bias. The other
participants were right-handers. The participants were selected on
the basis of their performance in an AX discrimination task and a
reading aloud task. In the perception task, the participants had to
indicate on each trial whether two aurally presented segmentally
identical syllables sounded the same or not by clicking a button on
the computer screen. The stimuli represented 21 pairs of tonal
contrasts (six of which were identical) of eight trials each. The
stimulus syllables were generated from eight syllable roots fu, se, si,
ji, ku, po, ja, je coupled with each of the six tones in Cantonese.
Thirty-six of the 48 resultant syllables were lexical syllables in the
language, while the rest were nonlexical syllables. In the rest of this
paper, phonetic transcription of Cantonese is given in jyutping, a
romanization system developed by the Linguistics Society of Hong
Kong. The number in the transcription represents the tone. The
36 lexical syllables in the perception task were targets in the
reading aloud task. Characters representing these syllables were
embedded in two carriers in the middle and final positions of the
sentence, ngo5 ji4 ga1 duk6 ___ zi6 ‘I am now reading the _____
characters’ and ni1 go3 zi6 hai6 ___ ‘The character is ______’,
resulting in 72 trials. The speech outputs were recorded digitally,
and were assessed by two native Cantonese raters with training in
phonetics who were blind to the group status of the participants.
The raters individually judged whether the produced tones
corresponded to the target tones. The output was then classified
as correct or incorrect. When a tone error occurred, the rater had
to determine the lexical tone that closely matched the speech
token. An intermediate form between the target tone and another
tone was marked as intermediate and was classified as an incorrect
response. Cases of disagreement were discussed until an agreement
for each case was reached between the two raters.
All participants in this study could produce the six Cantonese
tones distinctively. Half of them were also able to perceptually
discriminate all tonal contrasts, henceforth the ‘control’ group.
The other participants could distinguish most tonal contrasts
except T4/T6, henceforth the ‘dissociation’ group. The control
group (10 males) had a mean age of 33.7 years (range: 20–58
years, SD=15.06); the dissociation group (9 males) had an average
age of 32.2 years (range: 19–61 years, SD=14.01). The
participants’ performance on the three tones of interest in the
present study, i.e. T1, T4, and T6, in the discrimination and
production tasks is summarized in Table 1. Note that for those
participants who did not produce T4 correctly 100% of the time
(one participant), the errors did not involve production of T6, and
vice versa for those who did not achieve 100% correct on
production of T6 (eight participants).
Table 1. Participants’ performance in mean (SD) in the tone
discrimination and production tasks.
Discrimination Production
T1/T6 T4/T6 T1 T4 T6
Control group 100% 100% 100% 100% 100%
Dissociation
group
100% 53.75%
(13.51)
100% 99.59%
(1.86)
95.77%
(5.92)
doi:10.1371/journal.pone.0054396.t001
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Stimuli
The stimuli in this study included the lexical syllable fu and the
nonlexical syllable lu carrying T1, T4, or T6, recorded by a native
Cantonese female speaker. fu was chosen because the combina-
tions of the syllable with each of the six distinct tones in Cantonese
all resulted in existing syllables, i.e. fu1 ‘exhale’ ‘husband’, fu6 ‘to
pay’, ‘negative’, ‘father’, fu4 ‘to assist’; in contrast, lu would not
form meaningful syllables with any of the three target tones. The
experiment employed a 26262 factorial design, i.e. syllable type
(lexical vs. nonlexical syllables)6tonal contrast (T1/T6 vs. T4/
T6)6T6 as deviant vs. standard stimuli, resulting in eight blocks.
Each block contained 535 trials, of which 80 trials (or 15%) were
deviant trials. The trials were randomized with the constraint that
there would be a minimum of five and a maximum of 11 standards
between consecutive deviants. Each trial lasted 1200 ms, including
a syllable of 400 ms in length and an inter-stimulus interval (ISI) of
800 ms (similar in length to [46,47]). The intensity of all syllables
was normalised to 70 dB SPL using Audacity (http:/audacity.
sourceforge.net/) and all syllables were aligned to have the same
onset (100 ms) and vowel (300 ms) duration. This was critical for
defining the divergence point–where two stimuli begin to deviate–
and for identifying the MMN as MMN is highly sensitive to minor
acoustic differences. The divergence point was different for the two
pairs of tonal contrasts due to the difference in pitch. T1 and T6
diverged at the vowel onset (100 ms post-stimulus onset) as they
have different pitch heights. In contrast, T4 resembled T6 in the
early part of the pitch contour; the divergence point of T4/T6 was
later than that of T1/T6 and was also slightly different for the
syllables fu and lu. fu4 and fu6 began to diverge at 200 ms post-
stimulus onset, whereas lu4 and lu6 at 180 ms.
Procedure
The passive oddball task took place in the Laboratory for
Communication Science in the Division of Speech and Hearing
Sciences at the University of Hong Kong. The participants were
seated comfortably in front of a computer screen approximately
1 m away. During the task, participants were asked to watch a
silent movie played via the computer screen. Auditory stimuli were
binaurally presented through headphones simultaneously. The
participants were told to pay attention to the movie and ignore the
sounds they hear. The task consisted of eight blocks and a two-
minute rest was given between blocks. Four sequences of the eight
blocks were rotated across participants. T1/T6 contrasts were
presented before T4/T6 contrasts for half of the participants. For
each tonal contrast, lexical syllables were presented before
nonlexical syllables. Consecutive blocks of lexical or nonlexical
syllables of the same tonal contrast differed in terms of which tones
served as the deviant and standard, respectively. The entire
experiment lasted about 100 minutes.
Data Acquisition and Analysis
Electrocephalography (EEG) was recorded using SynAmps2
Neuroscan Inc. system (Compumedics Ltd., USA) in an
electrically and acoustically shielded booth. The EEG activity
was recorded from 64 silver-silver-chloride (Ag/AgCl) electrode
sites (FPz, Fz, FCz, Cz, CPz, Pz, POz, Oz, FP1/2, F7/5/3/1/
2/4/6/8, FT7/8, FC5/3/1/2/4/6, T7/8, C5/3/1/2/4/6,
M1/2, TP7/8, CB1/2, CP5/3/1/2/4/6, P7/5/3/1/2/4/6/8,
PO7/5/3/4/6/8, O1/2) arranged in an extended montage
based on the International 10–20 system (using a Neuroscan 64-
channel Quik-cap, Compumedics Ltd., USA). The vertex
functioned as the reference and AFz served as the ground
electrode. The impedance was kept under 10 kV whenever
possible. Additional electrodes were placed above and below the
left orbit and on the outer canthus of each eye to monitor
electro-oculographic (EOG) activity with a bipolar recording.
Continuous data were digitized at a sampling rate of 500 Hz
with a bandpass of 0.05 Hz to 200 Hz. The collected raw EEG
data was preprocessed with Neuroscan 4.5 software (Compu-
medics Ltd., USA) and FieldTrip [48]. The data were first
filtered with a bandpass 1 Hz to 20 Hz for noise reduction and
were then divided into trials of 1800 ms in length including an
800 ms interval before the stimulus onset. Extreme trials–trials
with an amplitude larger than 6300 mV–were then removed
before entering all trials into Independent Component Analysis
(ICA). The purpose of the ICA was to identify any components
resembling eye blinks, horizontal eye movements, noisy channels
and other focal artefacts. The identified components were then
mathematically removed from the data and signals were
reconstructed based on the remaining components. After ICA,
each channel was baseline corrected using the pre-stimulus
800 ms interval and was re-referenced to the mean mastoids to
remove any lateral bias [46,47]. Trials with artefacts that
exceeded 100 mV, trends greater than 75 mV, abnormal
distributions or improbable data exceeding 5 SDs were also
rejected. This procedure removed a total of 147 trials (or 0.77%
of all trials) in the control group, and 516 trials (2.67%) in the
dissociation group. The remaining trials were sorted into (i)
deviant (per tone and syllable-type), (ii) standard-before-a-
deviant (per tone and syllable-type), and (iii) standard preceding
each standard-before-a-deviant (per tone and syllable-type),
following [46,47]. Subtraction of (ii) from (i) rendered true
difference waves, while subtraction of (iii) from (ii) resulted in
dummy waves. Comparisons with the dummy difference waves
were to reduce the chances of identifying random fluctuations as
MMN.
In this paper, we focused on data from the four blocks, fu1/
fu6, fu4/fu6, lu1/lu6, lu4/lu6, with T6 as the deviant. Statistical
differences between the true and dummy MMN waves were
assessed by a non-parametric cluster-based permutation test
[49]. The test first identifies sampling points with t-statistic
exceeding a critical threshold (p,.05, two-tailed). Clusters were
then formed by connecting significant sampling points on the
basis of spatial and temporal adjacency. This was done
separately for sampling points with positive and negative t-
values. The maximum cluster-level test statistics (the sum of all
individual t-values within a cluster) were then computed to
generate permutation distributions, one for positive cluster and
one for negative cluster, based on 10,000 random partitions.
The significance of a cluster was determined by whether it fell
in the highest or the lowest 2.5th percentile of the corresponding
distribution. The cluster-based permutation tests were carried
out on each block for each participant group to identify
significant MMN and P3a components.
A more standard approach of analysis was also taken. Mixed
model ANOVAs were conducted to compare the peak latency and
average amplitude of MMN and P3a (i.e. amplitude difference
between true difference waves and dummy waves), respectively, at
the FCz electrode where the strongest effects across experimental
conditions were found. For MMN, the latency was based on the
most negative peak during the time window of 100–250 ms post-
divergence point. For P3a, the latency was identified according to
the most positive peak following the individual MMN peak. For
both components, the average amplitude was computed of a
100 ms time window centered on the MMN and the P3a peaks,
respectively, of the relevant grand averaged waves (similar to [50]).
Greenhouse-Geisser correction was applied when appropriate to
protect against Type I errors.
Dissociation of Tone Production and Perception
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Results
Cluster-based Permutation Test
The results of the cluster-level permutation test shown in
Figure 2 revealed several significant clusters in different conditions
in the two participant groups. Note that significant clusters
represent sampling points with spatial and temporal adjacency;
they are superimposed on grand averaged waves of FCz mainly for
the purpose of illustration. For lexical syllables fu1, fu4, and fu6, the
contrast between fu1 and fu6 elicited a significant negative cluster
with a time window during 102–188 ms (post-divergence point
unless specified otherwise) typical of an MMN (sum-T=27.92,
p,.01), and a marginally significant positive cluster (232–350 ms;
sum-T= 5.04, p= .060) in the control group, which can be
considered a P3a. The dissociation group demonstrated one
significant negative cluster in a typical time window of MMN
(112–192 ms; sum-T=27.12, p,.01). In the fu4/fu6 comparison,
the control participants also showed an early positive cluster (from
38 ms pre-divergence point to 56 ms post-divergence point; sum-
T= 6.74, p= .010). For nonlexical syllables lu1, lu4, and lu6, the
only significant cluster is a positive one exhibited by the control
participants in the lu1/lu6 contrast (138–238 ms; sum-T= 6.92,
p= .012), which is identified as a P3a. The scalp distributions of all
these clusters are consistent with our interpretation (see Figure 2).
Additionally, we observed four significant clusters, three
negative and one positive, that are worth mentioning, although
they did not survive control of the critical false alarm (FA) rate
of.05– negative clusters (MMN) in the fu4/fu6 contrast (118–
160 ms) and lu1/lu6 (62–110 ms) by the control group, and one
positive cluster (P3a) exhibited by the dissociation group also in
lu1/lu6 (166–210 ms). As the first negative cluster (32–114 ms) in
the lu1/lu6 comparison of the dissociation group did not exhibit
the typical MMN typography in terms of insignificant effects in the
frontal electrodes, it would not be interpreted as such. No
significant cluster was found in the comparisons between fu4 and
fu6 by the dissociation group, and lu4/lu6 by either participant
group.
To summarize, statistically reliable MMN and P3a clusters were
observed only in the comparisons of T1/T6. The control
participants exhibited both an MMN and a P3a in the condition
with lexical syllables and a P3a in response to nonlexical syllables.
In contrast, the dissociation group only showed an MMN in the
comparison involving lexical syllables.
ANOVA Test
For the mixed model ANOVA analyses, a three-way (partici-
pant6lexicality of syllable6tonal contrast) ANOVA for the MMN
latency and a two-way (participant6lexicality of syllable) ANOVA
for the P3a latency of T1/T6 of individual peaks were carried out.
The T4/T6 contrast was not included in the P3a analysis since no
significant relevant cluster (corrected or not) emerged in the
permutation test. For comparisons of averaged amplitudes across
experimental conditions, a 100 ms time window was centered on
the averaged MMN peaks from the control fu6/fu1, dissociation
fu6/fu1, and control lu6/lu1 conditions at 132 ms, one on the
MMN peak of fu4/fu6 at 136 ms, and one on the averaged P3a
Figure 2. Panel A. Tonal contrasts of lexical syllables. Panel B. Tonal contrasts of nonlexical syllables. Note. Grand-averaged difference
waves and dummy waves at the FCz electrode for illustration, with significant clusters (statistically significant ones in grey and clusters uncorrected
for multiple comparisons in orange) considered as MMN or P3a components and their corresponding topographs (significant electrodes in black and
FCz in white).
doi:10.1371/journal.pone.0054396.g002
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peaks from the control fu6/fu1, control lu6/lu1, and dissociation
lu6/lu1 conditions at 202 ms. Similar to the peak latency analysis,
three-way and two-way ANOVAs were conducted for MMN and
P3a, respectively.
The peak latencies of MMN in different conditions are shown in
Table 2. The three-way ANOVA did not find any significant main
effects or interactions (p..18). The analysis of P3a peak latency
(post-divergence point) found a significantly main effect of
lexicality of syllable, F(1, 38) = 6.68, p,.05, g2 = .15, and a
marginally significant interaction between participant group and
lexicality of syllable, F(1, 38) = 3.41, p= .072, g2 = .08. The peak
latency of nonlexical syllables (M=226.75 ms, SE=15.68) was
earlier than lexical syllables (M=287.05 ms, SE=15.22). The
control group exhibited an earlier P3a to nonlexical than lexical
syllables, t(19) = 3.11, p,.01; no comparable difference was seen in
the dissociation group (p..60)(see Figure 3).
For average amplitude of MMN, only significant main effects of
lexicality of syllables, F(1, 38) = 9.98, p,.005, g2 = .21, and tonal
contrast, F(1, 38) = 16.26, p,.001, g2 = .30, were found. Lexical
syllables (M=2.99 mV, SE= .15) elicited a stronger MMN
response than nonlexical syllables (M=2.39 mV, SE= .13); T1/
T6 (M=21.09 mV, SE= .15) resulted in higher MMN amplitude
than T4/T6 (M=2.30 mV, SE= .14). The interaction between
syllable and tonal contrast was marginally significant, F(1,
38) = 3.43, p= .072, g2 = .08 (see Figure 4). Pairwise comparisons
showed that the difference between T1/T6 and T4/T6 of lexical
syllables was significant, t(39) =23.99, p,.001; however, that of
nonlexical syllables was not (p..05). In addition, the contrast
between lexical and nonlexical syllables of T1/T6 was also
reliable, t(39) =23.27, p,.005, but that of T4/T6 was not
(p..27). No significant effects, participant or lexicality of syllable,
were observed in average P3a amplitude (p..7).
In summary, the ANOVA analyses of amplitude and peak
latency at FCz did not find main differences between the two
participant groups. An earlier P3a latency to nonlexical syllables
than lexical syllables was observed; moreover, the two groups
differed in terms of a quicker response to nonlexical than lexical
syllables only in the control group. Lexical syllables and T1/T6,
respectively, elicited stronger MMN responses than nonlexical
syllables and T4/T6. While the MMN response to T1/T6 was
stronger than that to T4/T6 of lexical syllables, no such difference
was found for nonlexical syllables.
Discussion
This study examined the perplexing dissociation between good
production and poor perception of Cantonese tones, i.e. the tone
near-merger phenomenon, using ERP measures from a passive
oddball paradigm and presenting both lexical and nonlexical
syllables. We also attempted to understand possible perceptual
and/or cognitive differences between participants with and
without dissociation as reflected in the MMN and P3a amplitudes
and peak latencies.
The results of the cluster-based permutation test revealed
statistically reliable clusters corresponding to the MMN and P3a to
the T1/T6 contrast and a MMN cluster (uncorrected) to T4/T6
of lexical syllables in the control participants. The presence of
MMN and P3a to the T1/T6 contrast is consistent with previous
findings [39]. In contrast, the dissociation group exhibited only a
reliable MMN cluster to T1/T6, and no other cluster (corrected or
uncorrected) in the same conditions. The differential neural
responses of the latter group to the two tonal contrasts were
Figure 3. P3a peak latency (post-divergence point) of different
participant group and syllable type conditions. Note. Lexical =
lexical syllable, nonlexical = nonlexical syllable, control = control group,
dissociation=dissociation group, ** = p,.01.
doi:10.1371/journal.pone.0054396.g003
Table 2. MMN peak latencies (post-divergence point) by
participant group in different syllable and tonal contrast
conditions.
Participant
group Syllable Tonal contrast
Mean latency in
ms (SD)
Dissociation Lexical - fu T1/T6 161.80 (46.44)
T4/T6 166.70 (50.75)
Nonlexical - lu T1/T6 161.90 (56.96)
T4/T6 164.40 (35.93)
Control Lexical - fu T1/T6 161.30 (51.84)
T4/T6 158.30 (57.32)
Nonlexical - lu T1/T6 149.10 (60.13)
T4/T6 137.50 (35.50)
doi:10.1371/journal.pone.0054396.t002
Figure 4. Average MMN amplitude of different syllable type
and tonal contrast conditions. Note. T1/T6 = contrast between T1
and T6, T4/T6= contrast between T4 and T6, lexical = lexical syllable,
nonlexical = nonlexical syllable, *** = p,.005, **** = p,.001.
doi:10.1371/journal.pone.0054396.g004
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consistent with the dissociation pattern of behavioral measures,
and thereby confirmed the tone near-merger phenomenon.
In the conditions with nonlexical syllables, the T1/T6 contrast
elicited a reliable P3a and an (uncorrected) MMN cluster in the
control group, as well as an uncorrected P3a in the dissociation
group. This pattern demonstrated that brain responses to
nonlexical syllables were generally weaker than lexical syllables
for all participants. These cluster-level permutation results were
compatible with the significant main effect of lexicality of syllables
in the ANOVA test, where higher MMN amplitudes were
observed in lexical than nonlexical syllables. The main effect of
tonal contrast, T1/T6 vs. T4/T6, was largely due to indistinctive
T4/T6 contrasts of lexical syllables in the dissociation group and
of nonlexical syllables in both participant groups. The marginally
significant interaction between syllable status and tonal contrast
was related to the significant difference between lexical and
nonlexical syllables for the T1/T6 contrast and its absence for the
T4/T6 contrast (see Figure 4). Focusing on the control partic-
ipants, the relative strength of the MMNs across experimental
conditions, i.e. statistically reliable MMN cluster in fu1/fu6,
significant (but uncorrected) clusters in lu1/lu6 and fu4/fu6, and
null response in lu4/lu6, suggests that the good performance on
tonal discrimination in the behavioral task and the MMN response
to the T4/T6 contrast of lexical syllables are not simply driven by
distinctive tone perception.
Contrary to expectations, no effects of lexical vs. nonlexical
syllables or tonal contrasts were obtained in the analysis of MMN
peak latency. This is evident in the dissociation group as illustrated
in Table 2. Moreover, the control group showed a tendency of
shorter MMN peak latency to nonlexical than lexical syllables,
both in the case of T1/T6 (12.2 ms) and T4/T6 (20.8 ms).
Further consideration of this point is given when we discuss the
results of P3a latency.
Regarding the P3a component, its occurrence (either as a
reliable or uncorrected cluster) does not seem to be dependent on
its concomitance with an MMN. As seen in Figure 2, an MMN
may not be followed by a P3a as in lexical syllables, T1/T6 of the
dissociation group and T4/T6 of the control group. Likewise, P3a
may not be preceded by an MMN as in nonlexical syllables T1/
T6 of the dissociation group. This double dissociation between the
two ERP components suggests that they may reflect processes of
different cognitive levels, where MMN is triggered by change or
deviant detection and is not particularly sensitive to manipulation
of attention allocation, while P3a may reflect a ‘‘higher level event-
detection process’’ (p. 146, [50]) and is subject to top-down control
of attention switching, such as predictability of occurrence of
deviant stimuli [51] (see also [52,53]). While the ANOVA results
of P3a amplitudes at FCz did not demonstrate effects of lexicality
of syllable or participant group, the cluster-based permutation test
revealed qualitative differences between the two groups, in terms
of presence of P3a in the control group versus its absence in the
dissociation group to the T1/T6 contrast of lexical syllables, and a
statistically reliable P3a among the control participants versus a
significant but uncorrected P3a among the dissociation partici-
pants to the same tonal contrast of nonlexical syllables.
The P3a peak latency, on the other hand, showed a significant
main effect of syllable status and a marginally significant
interaction between participant group and lexicality. The control
participants exhibited a shorter P3a latency to nonlexical syllables
of the T1/T6 contrast than lexical syllables (see Figure 3). The
contrast in P3a latency in relation to the lexicality of syllable is
similar to the trend of MMN latency we mentioned earlier. Only
control participants showed shorter MMN latency to nonlexical
than lexical syllables, regardless of tonal contrast. These observa-
tions are at odds with previous findings that participants
responded faster and more strongly to familiar than unfamiliar
stimuli, or lexical than nonlexical syllables. We examined the pitch
difference in each tonal contrast by lexicality condition to see if
that might provide a possible explanation for the observation. We
found a difference of 100.4 Hz between nonlexical syllables lu1
and lu6 (284.7 Hz vs. 184.3 Hz), 84 Hz between lexical syllables
fu1 and fu6 (254.9 Hz vs. 170.9 Hz), 4.1 Hz between lu6 vs. lu4
(184.3 Hz vs. 180.2 Hz), and 7.7 Hz between fu6 vs. fu4 (170.9 Hz
vs. 178.6 Hz). Although it seemed plausible that a larger pitch
contrast between the lexical and nonlexical stimuli of the T1/T6
contrast could have induced a faster neural response in the form of
shorter MMN (albeit only a tendency) and P3a latencies [54], the
proposal has difficulty explaining the trend of greater MMN
latency difference exhibited by the control group in the T4/T6
contrast when the pitch difference between the lexical and
nonlexical stimuli is small and in the opposite direction. Moreover,
the lexicality effect was only demonstrated in the control group.
These render the account of pitch difference alone for earlier MMN
and P3a peak latencies rather untenable.
One of the objectives of the present study, in addition to
confirming the near-merger phenomenon, is to understand its
underlying mechanism; in other words, why some normal speakers
would no longer be able to distinguish certain tonal contrast
despite their ability to produce them, while other normal speakers
remain capable of distinguishing all tones in both perception and
production. Here we put forth a speculative account. We have
noted earlier that the controls differed from the participants with
dissociation regarding P3a. While the control participants
consistently exhibited a reliable P3a cluster in the T1/T6 contrast
of lexical and nonlexical syllables, these conditions failed to elicit a
P3a reliably in the dissociation group. Furthermore, the effect of
lexicality on P3a peak latency was only evident in the control
participants. The P3a has usually been described as an index of
involuntary attention switching following change/deviant detec-
tion indicated by an MMN. However, the dissociation in
occurrence between the two components (e.g. [50]) has led to
the proposal that they are associated with processes at different
cognitive levels, as mentioned before. The MMN is stimulus-
driven and does not seem to be affected by manipulation of
predictability of occurrence of the deviant stimulus, whereas the
P3a may reflect a higher-level event detection process [50] and its
amplitude can be reduced if the occurrence of the deviant is
predictable, suggesting the influence of top-down control [51].
More interestingly, the P300, of which P3a is a subcomponent
responsive to presentation of task irrelevant stimulus, has been said
to be negatively correlated with an individual’s cognitive capability
and positively related to one’s speed of attention allocation ([55];
see also [54] for a review). Shorter P300 latencies are associated
with higher cognitive performance, such as recognition memory
performance in a list learning task [56], auditory short-term
memory [54], and total memory score in a digit span memory task
[57] (but see [58] for an observation in the opposite direction in a
memory task with varying task difficulty). We recognize that it is
far from clear as to which cognitive process(es) P300 (or P3a) is
correlated with, we tentatively propose that P3a amplitude and/or
latency may reflect one’s level of functioning in top-down control
of attentional shifting, auditory attention or memory, and that
higher capability in these cognitive domains may partly determine
an individual’s auditory perceptual ability.
A crucial question in the current findings that must be addressed
is the reduced and diminished sensitivities of the control group and
the dissociation group, respectively, to the T4/T6 contrast, which
represents a small, if not the smallest, auditory difference in the
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Cantonese tonal system, while distinctive production of these tones
is largely preserved. We propose that the degraded sensitivity or
indistinctive perception of T4/T6 among normal Cantonese
speakers is a consequence of top-down processing in language
communication, in which rich contextual information from all
linguistic levels including semantic, syntactic and pragmatic allows
one to continuously make predictions about upcoming linguistic
information. Therefore, recognition of lexical items in spoken
language does not necessarily depend on a complete analysis of
acoustic signals. In other words, word recognition is not solely a
bottom-up process.
Many models of speech perception recognize the integration
between top-down and bottom-up processing (e.g. [15,59,60,61]);
they vary in the stage at which the two types of processes interact.
Some of the earliest demonstrations of top-down processing
include the phoneme restoration effect [62], the well-known
Ganong effect [63], and the contextual effect on isolation point of
words in a Gating paradigm [64] (see [65] for a review). Top-down
perception of phonemes can also be influenced by input from
another modality, i.e. visual speech reflecting movements of facial
articulators [66]. As visual speech precedes auditory input,
speakers are able to make online prediction of auditory signals
based on articulatory gestures. Indeed, simultaneous presentation
of auditory and visual (AV) speech was found to facilitate speech
perception resulting in shorter latencies of N1 and P2 components,
and that the more salient and predictable the visual speech was,
i.e. [pa] vs. [ka], the greater the facilitation.
The findings of application of prior knowledge to bottom-up
speech processing on the part of the listener [66] are reinforced by
the results of the relative timing between top-down and bottom-up
processes in speech perception [67]. In that study, the extent of
prior knowledge and the quality of acoustic signal were
manipulated. The former was provided by written material which
might be a string of ‘‘x’’ or a word, which might be matched or
mismatched with the following spoken word of varying degrees of
degradation of speech signal. Using concurrent EEG and
magnetoencephalography (MEG) recordings, Sohoglu et al.
measured the neural responses in the left inferior frontal gyrus
(LIFG) and the left superior temporal gyrus (LSTG) assumed to
underlie top-down and bottom-up processing, respectively, over
the time windows of 90–130 ms, 180–240 ms, 270–420 ms, 450–
700 ms post-stimulus onset. They found that effects of prior
knowledge were evident from the earliest time window in the
LIFG, indicating that top-down predictions were generated once
initial phonetic detail (even degraded) was available.
Our results of higher MMN amplitudes to lexical than
nonlexical syllables can be considered compatible with top-down
processing; however, to account for the observation of lower or
even a lack of sensitivity to small tonal contrasts among normal
native speakers requires us to further propose that constant
interaction between top-down and bottom-up processing may
mean that acoustic input often does not undergo complete analysis
for speech recognition, and a consequence of that is an individual’s
sensitivity to speech sound distinctions, particularly of small
differences (i.e. T4/T6 contrast), may be weakened overtime.
The extent of the reduction would partly be dependent on the
individual’s cognitive capability in the domains of auditory
memory, auditory attention, or attentional switching in general.
If P3a can be taken as an index of such abilities as previous
literature has suggested, this may imply that the participants in the
control group are stronger in these cognitive areas than those in
the dissociation group, and this difference may affect their ability
to maintain distinctive perception of T4 and T6 in the language.
In proposing this account, we assume that under certain
circumstances and for certain individuals, speech recognition can
be solely driven by top-down predictions.
Finally, two aspects of the results are briefly considered for
future study. The cluster-based permutation test revealed an early
positive going component over the central frontal region larger
over the right hemisphere exhibited by the control group in the
T4/T6 contrast of lexical syllables. We refer to it as P2. This
component was mentioned in a number of studies investigating
auditory discrimination of stimuli varying in pitch, duration, or
tone patterns [68,69,70]. The exact cognitive function(s) that this
P2 is related to is unclear. It has been suggested that it reflects
stimulus classification [70], an attention-modulated process in
auditory discrimination [69], as well as an index of activation of
long-term sensory memory correlated with the size of short-term
memory set [68]. However, in stark contrast with our observation,
the P2 reported in those studies was elicited by the standard or
more frequent stimulus. Moreover, the significant P2 cluster in our
results began before the divergence point. We, therefore, have no
explanation for its occurrence and would be interested in seeing
whether the observation would be replicated.
The alert reader may also recall that in the tone discrimination
task we used for identifying appropriate participants, the materials
included both lexical and nonlexical syllables. Contrasts of lexical
vs. lexical, lexical vs. nonlexical, and nonlexical vs. nonlexical
syllables were presented. The perfect performance achieved by the
control participants must therefore have included trials consisted
of nonlexical syllables only. Given this, one may raise a question
about the discrepancy between good distinction of tonal contrasts
of nonlexical syllables and an absence of a difference in neural
response to the lu4/lu6 contrast. A search through the stimulus set
showed that there were no trials involving a nonlexical syllable
pair of the T4/T6 contrast. Further extension of the current work
should examine all tonal contrasts realized in all combinations of
lexical and nonlexical syllables.
In conclusion, our findings of significant MMN and P3a to the
T1/T6 contrast exhibited by the control participants are
consistent with [39]. The absence of MMN to T4/T6 in the
Dissociation group has confirmed the tone near-merger phenom-
enon previously based on behavioral performance. The contrast in
strength of MMN response to lexical and nonlexical syllables
indicates top-down processing in speech perception. To account
for the difference between the two participant groups in terms of
dissociation between poor perception and good production, we
tentatively attribute it to their different cognitive capabilities in
attentional shifting, auditory attention and memory indexed by
P3a amplitude and/or latency, which may influence their ability to
maintain sensitivity to small tonal contrasts, and to incomplete
bottom-up analysis of acoustic input due to constant top-down
predictions in normal speech processing.
Author Contributions
Conceived and designed the experiments: SPL RF CK. Performed the
experiments: CK. Analyzed the data: SPL CK. Wrote the paper: SPL.
References
1. Dell G, Schwartz M, Martin N, Saffrain EM, Gagnon DA (1997) Lexical access
in aphasic and non-aphasic speakers. Psychol Rev 104: 801–838.
2. Rapp B, Goldrick M (2000). Discreteness and interactivity in spoken word
production. Psychol Rev 107: 460–499.
Dissociation of Tone Production and Perception
PLOS ONE | www.plosone.org 8 January 2013 | Volume 8 | Issue 1 | e54396
3. Galantucci B, Fowler CA, Turvey MT (2006) The motor theory of speech
perception reviewed. Psychon Bull Rev 13: 361–377.
4. Liberman AM, Cooper FS, Shankweiler DP, Studdert-Kennedy M (1967)
Perception of speech code. Psychol Rev 74: 431–461.
5. Liberman AM, Mattingly IG (1985) The motor theory of speech perception
revised. Cognition 21: 1–36.
6. Hickok G (2010) The role of mirror neurons in speech perception and action
word semantics. Lang Cogn Process 25: 749–776.
7. Hickok G, Poeppel D (2007) The cortical organization of speech processing. Nat
Rev Neurosci 8: 393–402.
8. Hickok G (2001) Functional Anatomy of Speech Perception and Speech
Production: Psycholinguistic Implications. J Psycholinguist Res 30: 225–235.
9. Hickok G (2009) The cortical organization of phonological processing. In:
Gazzaniga MS, editor. Cognitive neuroscience 4th Ed. Cambridge, MA: MIT
Press. 767–776.
10. Hickok G, Poeppel D (2000) Towards a functional neuroanatomy of speech
perception. Trends Cogn Sci 4: 131–138.
11. Peelle JE, Johnsrude IS, Davis MH (2010) Hierarchical processing for speech in
human auditory cortex and beyond. Front Hum Neurosci 4: 51.
12. Scott SK, Johnsrude IS (2003) The neuroanatomical and functional organization
of speech perception. Trends Neurosci 26: 100–107.
13. Buchsbaum BR, Hickok G, Humphries C (2001) Role of left posterior superior
temporal gyrus in phonological processing for speech perception and
production. Cogn Sci 25: 663–678.
14. Poeppel D, Idsardi WJ, van Wassenhove V (2008) Speech perception at the
interface of neurobiology and linguistics. Philos Trans R Soc London 363: 1071–
1086.
15. Poeppel D, Idsardi W (2011) Recognizing words from speech: the perception-
action-memory loop. In: Gaskell G, Zwitserlood P, editors. Lexical represen-
tation: A multidisciplinary approach. New York, NY: Mouton de Gruyter. 171–
196.
16. Blumstein S, Goodglass H, Baker E (1977) Phonological factors in auditory
comprehension in aphasia. Neuropsychologia 5: 19–30.
17. Auberbach SH, Allard T, Naeser M, Alexander MP, Albert ML (1982) Pure
word deafness: Analysis of a case with bilateral lesions and defect at the
prephonemic level. Brain 105: 271–300.
18. Miceli G (1982) The processing of speech sounds in a patient with cortical
auditory disorder. Neuropsychologia 20: 5–20.
19. Poeppel D (2001) Pure word deafness and the bilateral processing of the speech
code. Cogn Sci 25: 679–693.
20. Stefanatos GA, Gershkoff A, Madigan S (2005) On pure word deafness,
temporal processing, and the left hemisphere. J Int Neuropsychol Soc 11: 456–
470.
21. Goodglass H, Baker E (1976) Semantic field, naming, and auditory
comprehension in aphasia. Brain and Lang 3: 359–374.
22. Hillis AE, Boatman D, Hart J, Gordon B (1999) Making sense out of jargon: A
neurolinguistic and computational account of jargon aphasia, Neurology 53:
1813–1824.
23. Rapp BC, Caramazza A (1997) The modality specific organization of lexical
categories: Evidence from impaired spoken and written sentence production.
Brain and Lang 56: 248–286.
24. Labov W (1994) Principles of linguistic change. Vol. 1: Internal factors. Oxford
& Cambridge, MA: Blackwell.
25. Labov W, Karen M, Miller C (1991) Near-mergers and the suspension of
phonemic contrast. Lang Var Change 3: 33–74.
26. Labov W, Yeager M, Steiner R (1972) A quantitative study of sound change in
progress. Philadelphia: U.S. Regional Survey.
27. Port R, O’Dell M (1985) Neutralization of syllable-final voicing in German.
J Phon 13: 455–471.
28. Chen Y, Shen R, Schiller NO (2011) Representation of allophonic tone sandhi
variants. Proceedings of Psycholinguistics Representation of Tone. Satellite
Workshop to ICPhS, Hongkong, 38–41.
29. Yuan JH, Chen YY (In press) 3rd tone sandhi in standard Chinese: A corpus
approach. J Chinese Linguistics 41.
30. Yu ACL (2007) Understanding near mergers: the case of morphological tone in
Cantonese. Phonology 24: 187–214.
31. Fung RSY, Wong CSP (2010) The mechanisms of tone mergers in Hong Kong
Cantonese. Paper presentation at 15th International Conference on Yue
Dialects, Macau.
32. Fung RSY, Wong CSP (2010) Mergers and near-mergers in Hong Kong
Cantonese tones. Paper presentation at Tone and Intonation 4, Stockholm,
Sweden.
33. Bidelman GM, Gandour JT, Krishnan A (2011) Musicians and tone-language
speakers share enhanced brainstem encoding but not perceptual benefits for
musical pitch. Brain and Cogn 77: 1–10.
34. Na¨a¨ta¨nen R, Winkler I (1999) The concept of auditory stimulus representation
in cognitive neuroscience. Psychol Bull 125: 826–859.
35. Na¨a¨ta¨nen R, Gaillard AW, Ma¨ntysalo S (1978) Early selective-attention effect on
evoked potential reinterpreted. Acta Psychol 42: 313–329.
36. Sussman ES (2007) A new view on the MMN and attention debate: The role of
context in processing auditory events. J Psychophysiol 21: 164–175.
37. Na¨a¨ta¨nen R, Paavilainen P, Rinne T, Alho K (2007) The mismatch negativity
(MMN) in basic research of central auditory processing: A review. Clin
Neurophysiol 118: 2544–2590.
38. Chandrasekaran B, Krishnan A, Gandour JT (2007) Mismatch negativity to
pitch contours is influenced by language experience. Brain Res 1128: 148–152.
39. Tsang YK, Jia S, Huang J, Chen HC (2011) ERP correlates of pre-attentive
processing of Cantonese lexical tones: The effects of pitch contour and pitch
height. Neurosci Lett 487: 268–272.
40. Law SP, Weekes BS, Wong W, Chiu K (2009) Reading aloud pseudo-characters
by individuals with acquired dyslexia: Evidence for lexically-mediated processes
in reading Chinese. Lang Cogn Process 24: 983–1008.
41. Alexandrov AA, Boricheva DO, Pulvermu¨ller F, Shtyrov Y (2011) Strength of
word-specific neural memory traces assessed electrophysiologically. PLoS One 6:
1–8.
42. Pulvermu¨ller F, Kujala T, Shtyrov Y, Simola J, Tiitinen H, et al. (2001) Memory
traces for words as revealed by the mismatch negativity. NeuroImage 14: 607–
616.
43. Pulvermu¨ller F, Shtyrov Y, Kujala T, Na¨a¨ta¨nen R (2004) Word-specific cortical
activity as revealed by the mismatch negativity. Psychophysiology 41: 106–112.
44. Shtyrov Y, Pulvermu¨ller F (2002) Neurophysiological evidence of memory traces
for words in the human brain. NeuroReport 13: 521–525.
45. Oldfield RC (1971) The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9: 97–113.
46. Bishop DVM, Hardiman MJ, Barry JG (2010) Lower-Frequency Event-Related
Desynchronization: A Signature of Late Mismatch Responses to Sounds, Which
Is Reduced or Absent in Children with Specific Language Impairment.
J Neurosci 30: 15578–15584.
47. Bishop DVM, Hardiman MJ, Barry JG (2011) Is auditory discrimination mature
by middle childhood? A study using time-frequency analysis of mismatch
responses from 7 years to adulthood. Dev Sci 14: 402–416.
48. Oostenveld R, Fries P, Maris E, Schoffelen JM (2011) FieldTrip: Open Source
Software for Advanced Analysis of MEG, EEG, and Invasive Electrophysiolog-
ical Data, Computational Intelligence and Neuroscience, Article ID 156869,
doi:10.1155/2011/156869.
49. Maris E, Oostenveld R (2007) Nonparametric statistical testing of EEG- and
MEG-data. J Neurosci Methods 164: 177–190.
50. Horvath J, Winkler I, Bendixen A (2008) Do N1/MMN, P3a, and RON form a
strongly coupled chain reflecting the three stages of auditory distraction? Biol
Psychol 39: 179–147.
51. Sussman E, Winkler I, Schroger E (2003) Top-down control over involuntary
attention switching in the auditory modality. Psychon Bull Rev 10: 630–637.
52. Escera C, Corral MJ (2007) Role of mismatch negativity and novelty-P3 in
involuntary auditory attention. J Psychophysiol 21: 251–264.
53. Rinne T, Sarkka A, Degerman A, Schroger E, Alho K (2006) Two separate
mechanisms underlie auditory change detection and involuntary control of
attention. Brain Res 1077: 135–143.
54. Reinvang I (1999) Cognitive event-related potentials in neuropsychological
assessment. Neuropsychol Rev 9: 231–48.
55. Polich J (2007) Updating P300: An integrative theory of P3a and P3b. Clin
Neurophysiol 118: 2128–2148.
56. Johnson R, Pfefferbaum A, Kopell BS (1985) P300 and long-term-memory:
latency predicts recognition performance. Psychophysiology 22: 497–507.
57. Polich J, Howard L, Starr A (1983) P300 latency correlates with digit span.
Psychophysiology 20: 665–669.
58. Houlihan M, Stelmack R, Campbell KB (1998) Intelligence and the effects of
perceptual processing demands, task difficulty, and processing speed on P300,
reaction time, and movement time. Intelligence 2: 9–25.
59. Fodor JA (1983) The modularity of mind. Cambridge, MA: MIT Press.
60. Gaskell MG, Marslen-Wilson WD (1997) Integrating form and meaning: a
distributed model of speech perception. Lang Cogn Process 12: 613–656.
61. McClelland JL, Elman JL (1986) The TRACE model of speech perception.
Cogn Psychol 18: 1–86.
62. Warren RM, Warren RP (1970) Auditory illusions and confusions. Sci Am 223:
30–36.
63. Ganong WF (1980) Phonetic categorization in auditory word perception. J Exp
Psychol Hum Percept Perform 6: 110–125.
64. Grosjean F (1980) Spoken word recognition processes and the gating paradigm.
Percept Psychophys 28: 267–283.
65. Davis MH, Johnsrude IS (2007) Hearing speech sounds: Top-down influences
on the interface between audition and speech perception. Hear Res 229: 132–
147.
66. van Wassenhove V, Grant KW, Poeppel D (2005) Visual speech speeds up the
neural processing of auditory speech. Proc Natl Acad Sci U S A 102: 1181–1186.
67. Sohoglu E, Peelle JE, Carlyon RP, Davis MH (2012) Predictive top-down
integration of prior knowledge during speech perception. J Neurosci 32: 8443–
8453.
68. Atienza M, Cantero JL, Dominguez-Marin E (2012) The time course of neural
changes underlying auditory perceptual learning. Learn Mem 9: 138–150.
69. Novak G, Ritter W, Vaughan HG Jr. (1992) Mismatch detection and the latency
of temporal judgments. Psychophysiology 29: 398–411.
70. Garcia-Larrea L, Lukaszewicz AC, Mauguiere F (1992) Revisiting the oddball
paradigm. Non-target vs. neutral stimuli and the evaluation of ERP attentional
effects. Neuropsychologia 30: 723–741.
Dissociation of Tone Production and Perception
PLOS ONE | www.plosone.org 9 January 2013 | Volume 8 | Issue 1 | e54396
